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Abstract 
 
Metalworking fluids (MWFs) are widely used in machining process to improve its performance and 
product quality. It acts as a coolant and lubricant to reduce heat between the contact of two surfaces.  
However, commercial MWFs used in the industry were usually from petroleum-based oil which is 
toxic to the environment, difficult to dispose and caused significant health.  Therefore, it is essential 
to develop a bio-based MWFs to overcome the aforementioned drawbacks. This study was aimed to 
determine the effect of chemically modified crude jatropha oil (CJO) with trimethylolpropane 
(TMP) at different molar ratio on tribological characteristic.  The produced TMP esters are 
compared with synthetic ester in terms of wear scar diameter, coefficient of friction and friction 
torque. From the result, it shows that modified jatropha oil was equivalent with synthetic ester and 
provided good lubrication and reduce friction and wear. 
 
Introduction 
 
Over the past years, bio-based metalworking fluids (MWFs) have been extremely studied in order 
to applied sustainable element in the machining process. Marksberry and Jawahir [1] anticipated 
that 52% of the worldwide consumption of MWFs are used for machining purposed. However, it 
was approximately 85% of the MWFs used from petroleum-based stock [2] which will caused long 
term-pollution, poor biodegradability and harm to human.  MWFs purposely used to reduce friction 
in the contact zone between workpiece and cutting tool. Jayadas et al.[3] indicated that MWFs from 
vegetable oil offers good boundary lubrication with low coefficient of friction (COF).Even though 
the COF is lower but the wear rate is increased due to the high oxidation from the fatty acids 
contents in the vegetable oil. Jatropha oil consists of highly percentage of unsaturated fatty acids 
which is oleic acid and linoleic acid that contributed to low thermal and oxidative stability [4].  The 
modification of crude jatropha oil is crucially needed in order to improve the lubricant 
performances.  
Adhvaryu et al. [5] studied the effect of tribology on modified soy bean oil.  They highlight 
that the disadvantage of high unsaturated fatty acids content in soy bean oil was improved by 
chemical modification.  The experiment result shows that the modified soy bean oil have an 
excellent wear and friction characteristic. Mendoza et al.[6] used new formulation of high oleic 
sunflower oil (HOSO) as sustainable MWFs for grinding operation and compared the results with 
mineral and synthetic oil.  The results showed that the new bio-based oil have high degradation 
percentage and reduced the wear scar diameter (WSD) and COF. The bio-based oil recorded better 
results compared to mineral oil and relatively similar performances with synthetic oil.  
The viscosity plays a significant property on determining the performance of the MWF and 
will affect the wear and friction characteristic.  Golshokouh et al.[7]noted that viscosity of oil was 
related to the thickness of the liquid’s film between two contact surfaces.  Rahim and Sasahara 
proved that the high viscosity of MWFs shows better machining performances in term of reducing 
the coefficient of friction and provide better lubricity [8,9]. They also identified that the presence of 
fatty acids and COOH polar groups in vegetable oil was decreased the coefficient of friction [10]. 
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Therefore, it is important to modify the crude oil in order to improve the lubrication properties. 
Besides, jatropha oil TMP esters have been used for engine and hydraulic oil [4,7]. The 
modification process affects the viscosity of MWF and influenced the tribology characteristic in 
term of wear and friction.  The goal of this paper was to determine the effect of different molar ratio 
of MJO on wear and friction characteristic in order to produce acceptable sustainable MWFs. 
 
Methodology 
 
Materials preparation. Crude jatropha oil (CJO) was chemically modified to convert into 
trimethylolpropane (TMP) ester. CJO was first converted into jatropha methyl ester (JME) via two 
step acid-based transesterification process. JME was reacted with TMP via transesterification 
process with sodium hydroxide as catalyst to produces TMP ester.  The oil reaction was conducted 
in three neck flask with oil bath condition to maintain the reaction temperature and fitted with 
condenser.  The hot plate stirrer provides suitable reaction temperature and stirring facility.  The 
reaction condition was as follows; reaction temperature at 120 oC, reaction time was 3 hours and 
catalyst was set at 1% (w/w) of the oil weight. Three sample of modified jatropha oil with three 
different molar ratio JME:TMP ; 3.1:1 (MJO1),3.3:1 (MJO3) and 3.5:1 (MJO5) were developed as 
shown in Table 1.  All samples were compared with synthetic ester (SE) and CJO and physically 
test according to American Society and Materials Standards in term of density and viscosity. SE 
was chosen as reference oil due to its physical properties are suitable for minimum quantity 
lubrication technique of coolant [11]. 
 
Table 1: Physical properties of crude jatropha oil, synthetic ester and modified jatropha oil 
 
Wear and friction test. The samples were test via four balls wear test method (ASTM D4172) to 
evaluate the tribology properties of MWFs. The experiment was conducted by using four stainless 
steel balls with 12.7mm diameter. Three balls are clamped together in the ballpot and covered with 
MWFs. The fourth ball, referred as the top ball was pressed with 392 N force as shown in Fig. 1.  
The oil was controlled at temperature 75oC and the top ball was rotated at 1200rpm for 1hour.  The 
sample was compared by using the average size of wear scar diameter on the three lower clamped 
balls.  The wear scar diameter was measured. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Four ball test set up (ASTM D4172) 
Descriptions Method CJO SE MJO 1 MJO 3 MJO 5 
Density at 15
o
C, ρ (g/cm
3
) 
ASTM 
D4052 0.9143 0.95 0.9099 0.9088 0.9068 
Kinematic Viscosity at 
40
o
C (mm
2
/s) 
ASTM 
D445 30.66 19 14.07 12.32 11.58 
Kinematic Viscosity at 
100
o
C (mm
2
/s) 
ASTM 
D445 6.67 4.33 3.74 3.23 3.03 
Ball holder 
Bottom balls 
Ballpot MWF 
sample 
Top ball rotates at 
1200 rpm 
Load force 
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Results and discussions 
 
Viscosity. Viscosity is the one important property in MWFs efficiency as serve as lubricant film 
thickness and affect the wear and friction of the two contact surface. Fig. 2 shows the kinematic 
viscosity of the samples at various temperatures. The kinematic viscosity decreases as the 
temperature was increased because of viscosity is an inversely proportional with temperature.  As 
the viscosity increased, it increased the resistance to flow of the oil and provide better antiwear and 
antifriction.  The viscosity of CJO is much higher from SE and MJO. The viscosity of modified 
jatropha oil is decreased as the molar ratio of the oil increased.  This is due to the amount of 
unreacted JME contains in the MJO. As the molar increased the amount of JME also increased and 
it reduced the viscosity value. 
 
Fig. 2: Kinematic viscosity for crude jatropha oil, synthetic ester and modified jatropha oil 
 
Wear and friction. The four balls wear testing present a discussion of wear and friction 
characteristic of MJOs in term of wear scar diameter, coefficient of friction and friction torque. Fig. 
3 shows the results of average WSD and COF.  Both of the results have a correlation with the 
viscosity of the MWFs.  CJO offered lower WSD and COF due to high viscous of the oil. 
Eventhough, CJO has the lowest results but it contains polyunsaturated fatty acids which are easily 
oxidized and provide low thermal stability.  The oxidation process increased wear rate because of 
unsaturated fatty acids chain easily to break at high temperature.  The lubricant film from the fatty 
acids was lost and it caused chemical attack at the two sliding surfaces. The results for WSD is 
increased with the decreased of MWF’s viscosity. WSD is related to the anti-wear ability of MWFs 
at the cutting zone during the machining process. The different between MJO1 and SE was at 
3.66% and it proved that MJO is comparable with the existing MWF.  MJO was improved by the 
present of complex branches of polyol ester which have low melting point and increased the 
resistance to oxidation.  However, the WSD of MJO3 and MJO5 contradict from SE as the viscous 
of oil reduced.  
Fig. 3 clearly indicates that COF is increases with the increased of viscosity.  MJO1 differ 
11.34% from the SE. It verified that MJO1 has anti-friction ability exhibit higher than SE. In 
addition, COF of the MJOs were increases as the oil viscosity is declined.  Based on the results of 
WSD and COF, it is found that MJO1 has the best lubricity performance.  It can be concluded that, 
the less viscous of MWFs caused the fluidity and lubrication decreased which influenced the anti-
wear and anti-friction ability[7].   
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Fig. 3: Wear scar diameter (WSD) and coefficient of friction (COF) for different MWFs 
 
Fig. 4 shows the results of the friction torques of MWFs.  It can be seen after one hour operation 
time that SE has the lowers friction torque.  It’s due to the lower value of WSD and COF. Even 
though the value of the WSD and COF of CJO is the lowest but the friction torque is much higher 
than synthetic ester and MJO1. It proved that CJO is easily oxidize and have low thermal stability 
and have affect after certain period of time. While the friction torque of MJO1 is higher than MJO3 
and MJO5 due to the viscosity value. 
 
Fig. 4: Relation between friction torque and times for different MWF 
 
Conclusions 
The performance of different MWFs on tribological characteristic was determined. The following 
conclusion can be drawn from the present study; 
i. The oil’s viscosity is one of the important properties that affect the tribology characteristic 
in term of wear and friction. The high viscosy of oil provide better antiwear and antifriction 
characteristic with produce lower WSD and COF. 
ii. The result shows that MJO1 was relatively comparable with SE as MWF in term of WSD 
and COF. Although CJO offer better WSD and COF but it is easily and have low thermal 
stability that make it not suitable as MWFs. 
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